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Delays in the internal movement of parts can directly influence throughput performance in some manufactur- 
ing systems. A part delay model for single-uehicle material handling systems is formulated and used to link the 
problems of facility layout and throughput maximization in automated manufacturing systems. The model is 
applied through a two-phase algorithm where a vehicle scheduling procedure bounds the level of expected part 
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1. Introduction 
The most commonly used criterion for layout design, 
materials handling volume distance augmented with activ- 
ity relationships, is inadequate for some automated 
production systems. For example, consider a flexible man- 
ufacturing system (FM3 where a single automated guided 
vehicle (AGV) can adequately service minimum material 
flow requirements for a wide range of layout alternatives. 
There may be no variable labor costs associated with 
materials handling. Furthermore, activity relationships, 
often driven by safety, organizational, or human service 
needs, may be of relatively little importance. In such 
cases, minimizing product throughput times represents a 
more relevant, secondary criterion to volume distance for 
selecting among alternative layout designs. An attribute 
for this criterion can be based on the delays between the 
accumulation and delivery of parts within the production 
system. The present study proposes a layout design tech- 
nique to minimize both volume distance and expected part 
delays in automated production systems. The technique 
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includes an efficient procedure for finding vehicle sched- 
ules that bound the minimum attainable part delays 
associated with layout alternatives by considering the 
dynamics of material flow during different portions of an 
operating period. 
The next section provides background information on 
the traditional criterion for layout design and introduces 
the concept of part delays in the context of automated 
production systems. The third section presents a model of 
expected part delays and describes the two-phase heuristic 
procedure. In the fourth section the two-phase solution 
procedure is demonstrated through a series of test 
problems. The final section presents a summary and 
conclusions. 
2. Background discussion 
The following notation is used to describe the layout 
design problem: 
n = the number of workcenters served by a materials 
handling system 
mij = the minimum required number of handling trans- 
actions between workcenters i and j in unit 
handling loads per shift for i, j = 1,. . . , n 
t 
XY = the travel time between the load transfer points 
of locations x and y in the production facility for 
x,y= l,...,n 
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t(i, j)k = the . travel time between workcenters i and j 
under layout design k where r(i, jIk = tx,, if 
workcenters i and j are assigned to locations x 
and y, respectively 
The following notation is used to describe the part 
delay concept: 
T = the length of the operating period in minutes 
Uit = the volume of parts produced at workcenter i during 
Typically the primary objective in layout design is to 
minimize materials handling volume distance. Volume 
distance-minimizing solutions are then modified incre- 
mentally to facilitate activity relationships based on such 
factors as safety, access to service facilities, supervision, 
etc. Assuming that any workcenter i can be assigned to 
any location p, for i, p = 1,. . . , n, the volume distance 
minimization problem can be defined as: 
rnp 2 f: mijt(i, jjk fork=l,...,n! 
i=t j=l 
Techniques focused on this problem represent a large and 
growing literature with recent surveys such s those re- 
ported in Foulds,’ Levary and Kalchik,* Kusiak and 
Heragu3 Heragu,4 Hassans and Malmborg6 containing 
several hundreds of references. The literature in this area 
includes math programming formulations, exact solution 
methods, and heuristics for static and dynamic versions of 
the plant layout problem. 
Math programming models have been represented as 
quadratic assignment models,7 quadratic set covering 
models,* linearized quadratic problems,’ and mixed inte- 
ger programming models.4 Related literature includes ex- 
act solution procedures, lo heuristic methods based on 
math programming constructs,” and hundreds of less 
formal computerized and manual heuristic procedures.3 
A common theme in most of this work is a static 
representation of material flow where the volume distance 
objective is linked to the fixed and variable costs associ- 
ated with servicing materials handling transactions. With 
automated material handling systems having adequate ca- 
pacity to meet minimum handling requirements, variable 
costs are generally insensitive to incremental volume dis- 
tance.12 In addition the limited role of human operators 
in automated systems may lessen the importance of activ- 
ity relationships that are focused on human service needs.13 
For a typical automated production scenario, e.g., a single 
AGV serving a multiple workcenter FMS, this creates an 
opportunity to substitute average part throughput times 
for activity relationships as a secondary criterion for lay- 
out design. The core issue then becomes the value of the 
slack capacity in an automated handling system for reduc- 
ing average product throughput times in a system. If 
minimum required material flow rates are known to be 
generated by specific patterns of part accumulations (e.g., 
as may result from specific production sequences and part 
routingsl, it is possible to define a measure that captures 
the influence of a layout on product throughput times, i.e., 
expected part delays. Assuming just-in-time scheduling 
and no capacity bottlenecks the impact of reducing part 
delays is to reduce part throughput times. Therefore ex- 
pected part delays directly link product throughput times 
with the layout design problem. 
timeperiodtfori=l,..., nandt=l,..., T 
Pij = the probability that a part produced at workcenter i 
will next visit workcenter j in the routing, for i, j = 
1 n ,--*, 
c = the maximum unit handling load size in parts 
The oit and pij parameters are a representation of mate- 
rial flow that differentiates flow patterns during different 
portions of the operating period. It is possible to exploit 
these parameters to minimize expected part delays when 
part volume in unit handling loads can vary for individual 
transactions. The need for such variation can result from 
unprogrammed expedients such as lot splitting to meet 
shipping schedules or mitigation of buffer storage prob- 
lems at individual workcenters. Variation in unit loads 
may also result from the strategic allocation of slack 
handling capacity to reduce expected part delays, which is 
the focus of this study. The relationship between the mij 
unit load values and the vii, Pij parameters depends on 
the capacity of the vehicle, the type of parts moved, and 
the feasibility of mixing different part types in the same 
unit load. 
When the mij values can be described in terms of the 
Uit and pi, parameters, e.g., mij = CtVitpij/C, expected 
part delays become a function of the schedule used to 
execute handling transactions. To determine the minimum 
expected part delay associated with a given layout it would 
be necessary to obtain an “optimal” vehicle schedule. This 
scheduling problem can be quite difficult for even small 
problems. In fact, most of the extensive literature on 
vehicle routing and scheduling deals with travel time 
minimization, a much simpler criterion than expected part 
delays. (See recent surveys presented in Bodin et a1.,r4 
Christofides, ls Golden and Assad,16 Haimovich et a1.,r7 
Lawler et a1.,r8 and Laporte et a1.19 The complexity of the 
expected part delay criterion suggests heuristics as the 
only viable vehicle-scheduling strategy. 
Most current heuristic techniques for vehicle schedul- 
ing can be loosely classified as neighborhood search pro- 
cedures20,21 or interactive optimization strategies.22-24 
Vehicle-scheduling heuristics have been proposed for 
problems with more complex evaluation criteria such as 
stochastic demands,= time windows,26*27 and other exten- 
sions of vehicle time minimization. Vehicle-scheduling 
applications with complex evaluation criteria are reported 
for problems involving back messengers,28 “hot meals” 
delivery,29 forklift routing,30 scheduling of utility repair 
crews, heating oil deliveries, mail order firms, automobile 
distribution by truck, freight consolidation, and parcel 
post systems.31*32 These applications often feature idiosyn- 
cratic characteristics that make it difficult to develop 
solution strategies that are easily transferrable to other 
applications. Thus efficient techniques for vehicle schedul- 
ing to minimize expected part delays need to be based on 
the unique features of this application. In the next section 
a procedure is described for finding part delay minimizing 
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vehicle schedules associated with alternative layout de- 
signs for automated production systems. 
3. The expected part delay minimization problem 
The formulation of expected part delays depends on two 
characteristics of an automated production system that 
impact vehicle scheduling. These are the feasibility of 
mixing different parts on the same unit load and vehicle 
carrying capacity. In this study we assume that different 
materials can be handled on the same transaction and 
that vehicle capacity constraints are generally nonbinding. 
Subsequently the problem of minimizing expected 
part delays can be defined in terms of the following 
parameters: 
L = the number of feasible layout alternatives for the 
production system 
SP = the set of feasible vehicle scheduling alternatives 
associated with layout alternative p for p = 1,. . . , L 
Mpji = the number of transactions originating at work- 
center i under vehicle schedule j and layout 
alternative p 
d,,, = the rank ordered time of the kth transaction at 
workcenter i for i = 1,. .., n and k = 1,. . ., Mpji, 
where dpjio = 0 and dpjrh < dpjiz for h < .z 
Assuming that parts are both delivered and retrieved on 
each transaction we can evaluate the materials handling 
service level associated with layout p and vehicle schedule 
j by noting that the expected part volume retrieved on the 
unit load formed during the kth the transaction at work- 
center i is given by: 
d PJik 
C Uit 
t=d p,,k- 1 
The expected delays for parts on this transaction that are 
destined for workcenter z prior to pickup are given by 
d PI’1 
c UitPiz(dpjik - t)
f = d,,,, - I 
The travel time before these parts are delivered to work- 
center z can be obtained by the difference between dpjik 
and the time of the first departure from workcenter z 
following dpjik, i.e., 
min Id,,, 
m 
- dpjik > 0) 
This yields a total expected delay (for these parts) equal 
to: 
d PPk 
c (dpjik - t) + min Id,,,,, - dpjik > O} 
t=d m pp.4 - I 
I 
The total expected part delay associated with vehicle 
schedule j and layout alternative p is therefore given by 
fcvpj) = C C C ;:, ,“:, .I[(.E:~ifPij] 
X min {dpjzm - dpjik > 0) 
m 
where Vpj denotes the corresponding schedule defined as 
a sequence of vehicle departure times from workcenters. 
Thus the problem of finding the expected part delay- 
minimizing vehicle schedule is equivalent to solving: 
X min {dpjzm - dpjik > 0) 
m 
I 
subject to: 
i t m,,t(i,j)*<T forp=I,...,L 
i=l z=l 
Mpji=Mpjh for i,h = l,...,n 
DminIdpjik-dpjik-l<Dmax k=l,...,Mpji, 
dpjik<T forp=l,...,Land jES,, 
i=l ,..., nandk=l,..., Mpji 
In the formulation above the Dmin and D,,, terms are 
used to define the maximum allowable variation in re- 
sponse times between workcenters, (i.e., D,, - Dmin). The 
first constraint set guarantees that a layout alternative is 
throughput feasible, i.e., the materials handling system has 
sufficient capacity to complete the minimum required 
transactions during the operating period. The second, 
third, and fourth constraint sets restrict the materials 
handling service level by assuring that workcenters experi- 
ence acceptable response times and that the vehicle 
schedule can be executed within the operating period. 
Even with these constraints the vehicle-scheduling so- 
lution space is extensive for even small problems. To be 
useful, procedures to narrow the range of scheduling 
alternatives to bound expected part delays must be com- 
putationally efficient. A possible solution strategy is to 
define the set of feasible layout alternatives using the 
volume distance criterion and then utilize a genetic search 
procedure to generate a vehicle schedule that minimizes 
expected part delays. In the first phase of the procedure, 
one or more volume-distance efficient layout solutions are 
obtained. In the second phase the scheduling procedure 
satisfies service level constraints by defining a collection 
of workcenter sequences and laying these sequences in an 
“end-to-end” pattern through a random process that 
schedules the vehicle over the full operating period. A 
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genetic search procedure is then used to converge to an 
advanced generation of schedules, which are improved 
through neighborhood search. Details of the two-phase 
procedure are described below: 
3. I Phase 1 -Candidate layout solutions 
In phase one the set of candidate layout alternatives is 
determined: 
(1) Generate a set of “L” throughput-feasible layout al- 
ternatives that satisfy: 
i 2 mijt(i,j>P<T forp=l,..., L. 
i=l j-1 
3.2 Phase 2-Vehicle scheduling to minimize expected 
part delay 
In phase two the following procedure is executed for each 
layout p, for p = 1,. . . , L: 
(1) 
(2) 
(3) 
For each layout alternative p, find n sequences of n 
workcenters where, starting from workcenter i, the 
sequence minimizes: 
i-1 j=* 
where xij = 1 if workcenter j follows workcenter i in 
the sequence for i, j = 1,. . . , n. The sequence starting 
from workcenter i that minimizes 7p is defined as 
spi = {Sir,. . .) sin}, where si, = i, 1 < sij in, and the 
corresponding value of ~~ is denoted as rpi. 
or each layout, generate an initial population of M 
vehicle schedules using the following procedure: 
Set h = 1 and T’ = 0. 
- . 
Generate the integer random number z = U(1, n). 
In the current vehicle schedule Vph, add stops at 
the workcenters corresponding to spZ if T’ + 7pz < 
T. Otherwise, generate another z = U(1, n) and 
attempt to add the corresponding sequence of 
stops to the schedule. If all sequences have been 
unsuccessfully 
attempted, go to step 2c, otherwise repeat step 2b. 
Save the current schedule Vph and evaluate the 
corresponding expected part delay f(V,,). Set 
T’=Oandset h=h+l.Ifh>M,stopwiththe 
initial population of schedules, otherwise go to 
step 2a. 
Given the initial population of M schedules, 
generate X subsequent generations using the following 
procedure: 
(a) 
tb) 
304 
Set g = 1, m = 1, and go to step 3b. 
Generate the vector of mating probabilities, P = 
{P I,..., pw} for the current generation of sched- 
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ules where: 
5 ((f(cj))m’) 3 
j=l 1 
forh=l,...,M 
Set the upper and lower limits of the sampling 
interval for schedule h equal to: 
h-l 
L, = c pi and 17, = i pk 
k=l k=l 
for h = 1 , . . . , M, go to Step 3c 
(c) Generate ti = U(0, 1) and select schedule y for 
mating such that L, <z, I UY. Generate z2 = 
NO, 1) and select schedule w for mating such that 
L, <z2 I U,. If y = w, then continue to regener- 
ate z1 and w until y # w. Go to step 3d. 
(d) Perform the crossover step by generating an inte- 
ger random number zY = U(1, q,, - 1) where q,, 
denotes the number of workcenter sequences in 
mating schedule y. Remove the last zY workcenter 
sequences from mating schedule y and let t ’ de- 
note the time interval from the last step on the 
resultant partial schedule to time T. Generate 
offspring schedule Opm by adding all workcenter 
sequences from the end of mating schedule w that 
“fit” within the t’ time units available at the end 
of the partial schedule. Go to step 3e. 
(e) Set m=m+l.If m>M,thenset g=g+l,m= 
0, and go to step 3f. Otherwise, go to step 3c. 
(f) Set VP/, = op/, and f(vph) =f(o,,) for h = 1,. . . , M. 
If g > X, then stop with the current generation of 
schedules, otherwise go to step 3b. 
(4) Perform a neighborhood search over the final genera- 
tion of schedules through I random interchanges of 
workcenter sequences for each schedule. 
(a) 
(b) 
(c) 
(d) 
(e) 
Set y = 0 and h = 1. Go to step 4b. 
Letting qh denote the number of workcenter se- 
quences in schedule V ,,, generate the integer ran- 
dom numbers zi = U6, qh) and z2 = U(1, qh) such 
that z1 # z2. Set y = y + 1 and go to step 4c. 
Interchange workcenter sequences z1 and z2 on 
schedule Vph to create modified schedule Vih. If 
f(l/dh) <f(l/pJ, then set I& = vdh and go to 
step 4d. 
If y > I, then set h = h + 1 and go to step 4e. 
Otherwise, go to step 4b. 
If h I M, then set y = 0 and go to step 4b. Other- 
wise select the optimal schedule for layout p, VP*, 
as that which satisfies: 
M,in f( VP/, ) 
The optimal layout solution is obtained as that which 
satisfies: 
Min f( I$* ) 
P 
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The two-phase procedure described above results in 
values of Dmi, = 0 and values of D,,, for which: 
The justification for selecting a generic algorithm is based 
on the difficulty associated with calculating F(l$). With 
heuristic procedures based on marginal perturbations the 
need to revise downstream departure times would make 
reevaluation of modified schedules nearly as difficult as 
evaluation of original schedules. This characteristic makes 
neighborhood search and similar methods focused on a 
high volume of marginal schedule modifications impracti- 
cal as a stand-alone strategy. The inability to evaluate 
partial schedules would thus complicate sequential 
schedule-building methods. Genetic algorithms (GA’s) 
provide an alternative that is not affected by these limita- 
tions.33 In fact, GA’s have advantages over other heuristic 
strategies that make them particularly attractive for solv- 
ing the expected part delay problem. They search from a 
population of points as opposed to a single point, they use 
probabilistic as opposed to deterministic transition rules, 
and therefore they are less subject to path dependency 
and trapping at local minima. They also use objective 
function values directly as opposed to derivatives that 
would be difficult to compute. In the next section the 
two-phase procedure is illustrated in the context of a 
series of test problems. 
4. Results for sample problems 
To apply the model a test problem with n = 8 workcenters 
was randomly generated with T = 480 min. Table 1 sum- 
marizes test problem 1 in terms of the txy, mij, uit, and pij 
parameter values (see also Tables 2-6 for summaries of 
test problems 2-6). With n = 8 a total of n! = 40,320 
layout alternatives are possible. The ten most volume 
distance-efficient layouts for test problem 1 are summa- 
rized in Table 7. Thes next step was to generate the 
spi={S&..., sin} workcenter sequences for i = 1,. . . , n by 
solving the 80 travelling salesman problems associated 
with the 10 candidate layouts. Based on preliminary exper- 
imentation the computational parameters for the genetic 
algorithm were set to M = 10, X = 5, and r = 50. With 
these values a total of only 100 scheduling solutions were 
evaluated for each layout. In each case the phase 2 
procedure started with a randomly generated population 
of 10 scheduling solutions. Four subsequent generations 
were created from the initial population of 10 solutions, 
and 50 random interchanges of workcenter sequences 
were attempted. The results are summarized in Table 8. 
For each layout, Table 8 lists the expected part delay 
associated with the incumbent optimal solution for each 
generation of vehicle schedules and the expected part 
delay (in part minutes of waiting) for the final vehicle 
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schedule obtained after 50 random interchanges of work- 
center sequences. As the results for test problem 1 show 
the optimal schedules associated with alternative layouts 
varied within a narrow range between 3,892 and 3,631 (or 
less than 7%) with the overall optimal solution obtained 
for layout 10. 
To gain a perspective on the quality of the solutions 
obtained for test problem 1 a total of 100 vehicle sched- 
ules were randomly generated for each layout by generat- 
ing a series of random sequences. As with the schedules 
obtained through the two-phase procedure, each work- 
center was visited once on each sequence to equalize the 
number of transactions at each workcenter. Table 9 sum- 
marizes the minimum, maximum, and average expected 
part delay associated with the randomly generated sched- 
ules for each layout included for test problem 1. As would 
be expected, randomly generated schedules perform poorly 
compared to those obtained through the two-phase 
procedure. 
To further investigate the performance of the genetic 
algorithm for test problem 1 a total of 50 scheduling 
solutions were generated using only step two of the phase 
2 procedure. Here, only a single generation of schedules 
were generated with M = 50 and r = 50 random inter- 
changes, i.e., computational parameters of (M = 50, X = 1, 
r = 50) versus (M = 10, X = 5, r = 50) in the original 
study. The results, summarized in Table 9, show the origi- 
nal procedure outperforming the modified solution proce- 
dure for 7 of the 10 layouts. Ignoring the impact of 
random interchanges the genetic procedure (i.e., M = 10, 
X = 5, r = 0) outperforms the use of step 2 (i.e., M = 50, 
X = 1, r = 0) for 8 of 10 layouts. These results highlight 
the importance of carefully selecting computational 
parameters when the total number of iterations must 
be small. 
To examine performance over different cases, five ad- 
ditional test problems were generated, corresponding vol- 
ume distance optimizing layouts were computed, and the 
optimal vehicle schedule was obtained using (M = 50, 
X = 1, r = 0). The results are summarized in TabZe 7 and 
9. For the complete set of test problems the procedure 
yielded vehicle schedules with part delays averaging 38% 
of those associated with random schedules. Considering 
the volume distance optimal solutions only this varied 
from a minimum of 32.3% for test problem 1 to a less 
impressive 50.1% for test problem 4. As is observed with 
many heuristic procedures, these results reflect the sensi- 
tivity of performance to problem parameters. 
To investigate the issue of robustness, random varia- 
tion in hourly material accumulation values, i.e., uir for 
i=l ,..., n and t=l,..., 8 hr, was introduced. Two sepa- 
rate simulations were run for test problems 2 through 6 
where hourly material accumulations were allowed to vary 
uniformly between plus or minus 50% and 100% of origi- 
nal values, respectively. The results from these simulations 
are summarized in Table 10, which demonstrate only 
limited sensitivity of part delays to hourly accumulations 
for the five test problems studied. These results are most 
likely due to the implicit limitation of “nearly equal” 
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Table 1. Parameter values for test problem 1 
Lot 1 Lot 2 Lot 3 Lot 4 Lot 5 Lot 6 Lot 7 
Travel times between facility locations (t,, in minutes for x, y= 1,. ,8) 
Lot 1 6.4 6.8 2.4 1 .o 5.8 1.9 
Lot 2 6.4 5.8 3.5 6.8 8.8 3.1 
Lot 3 6.8 5.8 - 8.0 6.5 17.0 5.2 
Lot 4 2.4 3.5 8.0 - 3.1 2.3 1.5 
Lot 5 1 .o 6.8 6.5 3.1 - 6.4 2.5 
Lot 6 5.8 8.8 17.0 2.3 6.4 4.2 
Lot 7 1.9 3.1 5.2 1.5 2.5 4.2 
Lot 8 1.2 10.0 10.6 4.0 0.4 9.8 3.3 
WC1 WC2 WC3 WC4 WC5 WC6 WC7 
Material flow matrix values fm, in average number of unit loads per shift for i, j= 1,...,8) 
WC1 - 2.4 4.0 10.8 10.4 8.4 6.0 
WC2 12.4 5.2 11.2 10.4 1.2 6.1 
WC3 4.4 3.6 - 4.8 2.0 9.6 7.6 
WC4 0.4 5.6 6.8 7.2 8.8 3.2 
WC5 14.8 3.6 4.0 4.4 3.6 8.0 
WC6 6.0 8.0 2.8 4.8 3.6 1.6 
WC7 6.0 4.0 14.8 2.0 2.0 8.0 
WC8 9.6 4.8 3.6 5.2 9.6 12.0 
Hour 1 Hour 2 Hour 3 Hour 4 Hour 5 Hour 6 Hour 7 
Part accumulation parameters (v,, for i= 1,. . . ,8 and t= 1,. 8) ., 
WC1 2.0 2.0 3.5 2.0 3.0 2.0 2.0 
WC2 3.5 3.0 4.0 2.5 2.5 2.5 2.5 
WC3 3.5 3.5 2.5 2.5 4.5 1.5 1.5 
WC4 4.0 0.5 2.0 2.5 2.0 3.0 2.5 
WC5 4.5 0.5 4.5 4.5 4.5 2.5 3.0 
WC6 2.5 1.5 4.5 1.0 2.0 1 .o 2.5 
WC7 0.5 3.0 3.5 3.0 4.0 1 .o 4.5 
WC8 3.5 3.0 3.5 3.0 2.0 1.5 3.5 
WC1 WC2 WC3 WC4 WC5 WC6 WC7 
Material flow routing probabilities (pi, for i, j= 1,. . . ,8) 
WC1 0.000 0.057 0.094 0.252 0.250 0.196 0.143 
WC2 0.243 0.000 0.100 0.222 0.201 0.027 0.109 
WC3 0.101 0.086 0.000 0.112 0.047 0.224 0.181 
WC4 0.012 0.141 0.169 0.000 0.177 0.218 0.076 
WC5 0.283 0.071 0.072 0.080 0.000 0.066 0.149 
WC6 0.198 0.261 0.094 0.154 0.100 0.000 0.047 
WC7 0.138 0.090 0.329 0.044 0.043 0.179 0.000 
WC8 0.216 0.108 0.083 0.111 0.214 0.002 0.266 
Note: Loc=location; WC=workcenter. 
Lot 8 
1.2 
10.0 
10.6 
4.0 
0.4 
9.8 
3.3 
WC8 
0.4 
5.2 
10.8 
8.4 
14.8 
4.4 
8.0 
0.0 
Hour 8 
4.5 
5.0 
2.0 
3.5 
2.5 
0.5 
3.0 
2.5 
WC8 
0.007 
0.099 
0.249 
0.207 
0.279 
0.145 
0.178 
0.000 
material handling response times across workcenters, (i.e., 
D - D,i”>. That is, by limiting response time variation 
thz=effect of variation in accumulations is more focused 
on redistributing part delays across the operating period 
as opposed to the total magnitude of delays. 
6. Summary and conclusions 
For automated manufacturing systems where materials 
handling requirements are served by a single AGV an 
opportunity exists to more directly link layout design with 
product throughput times by using part delays as a sec- 
ondary layout criterion. Based on a part delay model a 
two-phase heuristic layout procedure is proposed. For a 
given layout the procedure generates vehicle schedules by 
defining workcenter sequences minimizing the expected 
time to complete a transaction at each workcenter, and 
then it randomly combines these sequences to obtain an 
initial population of schedules. A genetic algorithm pro- 
duces subsequent generations of schedules, which are 
improved by a random search procedure. The basic idea is 
to evaluate the extent to which slack materials handling 
capacity can be used to minimize part delays. Preliminary 
results from test problems suggest that the two-phase 
procedure performs significantly better than random 
scheduling. In addition the genetic procedure augmented 
with neighborhood search shows strong potential for pro- 
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Table 2. Parameter values for test problem 2 
Lot 1 Lot 2 Lot 3 Lot 4 Lot 5 Lot 6 Lot 7 Lot 8 
Travel times between facility locations it,, in minutes for x, y= 1,. ,8) 
Lot 1 3.5 5.6 4.4 2.1 1.4 
Lot 2 3.5 -_ 2.0 1.6 0.8 3.6 
Lot 3 5.6 2.0 1.7 2.6 5.7 
Lot 4 4.4 1.6 1.7 1.8 4.5 
Loc5 2.1 0.8 2.6 1.8 2.2 
Loc6 1.4 3.6 5.7 4.5 2.2 
Lot 7 0.4 3.8 6.3 4.9 2.2 2.0 
Lot 8 2.0 1.6 3.3 2.4 1.4 2.2 
0.4 2.0 
3.8 1.6 
6.3 3.3 
4.9 2.4 
2.2 1.4 
2.0 2.2 
2.2 
2.2 
WC1 WC2 WC3 WC4 WC5 WC6 WC7 WC8 
Material flow matrix values fm,, in average number of unit loads per shift for i, j= 1,. (8) 
WC1 0.0 1.2 1.7 1.3 1.1 2.6 1.4 
WC2 2.1 0.0 1.3 1.3 0.1 1.3 2.4 
WC3 2.2 1.5 0.0 3.0 0.9 1.1 1.2 
WC4 0.3 0.7 1.0 0.0 1.2 1.1 1.4 
WC5 0.1 1.8 1.8 1 .s 0.0 1.3 0.0 
WC6 1 .o 3.2 0.7 1.3 0.8 0.0 0.4 
WC7 1.7 1 .s 1.6 2.2 0.1 0.5 0.0 
WC8 1 .s 1.6 0.9 0.8 1 .s 1.3 0.4 
Hour 1 Hour 2 Hour 3 Hour 4 Hour 5 Hour 6 Hour 7 
2.3 
0.2 
1.8 
0.2 
1 .o 
1.2 
1.8 
0.0 
Hour 8 
Part accumulation parameters fv,, for i= 1,. . ,8, and r= 1,. (8) 
WC1 2.0 10.0 8.0 4.0 9.0 8.0 1 .o 
WC2 10.0 1 .o 3.0 3.0 5.0 4.0 2.0 
WC3 3.0 8.0 1.0 6.0 8.0 30 8.0 
WC4 1 .o 7.0 6.0 1 .o 1 .o 2.0 5.0 
WC5 9.0 2.0 4.0 6.0 2.0 3.0 2.0 
WC6 4.0 9.0 4.0 2.0 9.0 1 .o 1 .o 
WC7 1 .o 1 .o 8.0 4.0 3.0 4.0 8.0 
WC8 1 .o 9.0 6.0 6.0 1.0 2.0 7.0 
WC1 WC2 WC3 WC4 WC5 WC6 WC7 
4.0 
7.0 
10.0 
1 .o 
4.0 
5.0 
10.0 
3.0 
WC8 
Material flow routing probabilities (p,, for i, j= 1.. (8) 
WC1 0.000 0.101 0.145 0.109 
WC2 0.240 0.000 0.147 0.153 
WC3 0.191 0.132 0.000 0.254 
WC4 0.051 0.122 0.173 0.000 
WC5 0.015 0.227 0.220 0.238 
WC6 0.119 0.367 0.083 0.150 
WC7 0.173 0.196 0.161 0.222 
WC8 0.214 0.184 0.104 0.088 
0.098 0.223 0.125 0.199 
0.008 0.154 0.276 0.021 
0.075 0.091 0.102 0.156 
0.205 0.179 0.233 0.037 
0.000 0.164 0.006 0.130 
0.094 0.000 0.046 0.143 
0.014 0.050 0.000 0.184 
0.220 0.147 0.042 0.000 
Note: Lot= location; WC= workcenter. 
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Table 3. Parameter values for test problem 3 
Lot 1 Lot 2 Lot 3 Lot 4 Lot 5 Lot 6 Lot 7 Lot 8 
Travel times between facility locations (t,,, in minutes for x. y= 1,...,8) 
Lot 1 - 1.9 6.4 5.9 3.7 5.8 
Lot 2 1.9 12.5 10.2 5.3 10.6 
Lot 3 6.4 12.5 - 1.7 6.0 2.7 
Lot 4 5.9 10.2 1.7 5.3 3.4 
Lot 5 3.7 5.3 6.0 5.3 7.1 
Lot 6 5.8 10.6 2.7 3.4 7.1 - 
Lot 7 3.7 5.7 5.6 3.3 1.5 6.6 
Lot 8 1 .o 0.7 8.1 7.3 3.9 7.3 
3.7 1 .o 
5.7 0.7 
5.6 8.1 
3.3 7.3 
1.5 3.9 
6.6 7.3 
- 4.0 
4.0 
WC1 WC2 WC3 WC4 WC5 WC6 WC7 WC8 
Material flow matrix values (m, in average number of unit loads per shift for i, j= 1,. . ,8) 
WC1 0.0 1.2 2.7 2.5 0.3 1.3 1.2 
WC2 0.8 0.0 1.1 0.4 2.1 1.7 2.4 
WC3 1 .o 1.2 0.0 1.2 1.5 0.5 1.5 
WC4 0.8 0.8 0.9 0.0 0.7 1.7 3.1 
WC5 1.8 0.7 1.1 0.7 0.0 0.3 1 .o 
WC6 1.1 4.1 0.6 0.5 2.2 0.0 2.2 
WC7 1.1 0.8 1.1 2.2 0.0 2.7 0.0 
WC8 2.6 2.4 0.5 1 .o 3.0 1.4 0.3 
2.0 
2.0 
1.3 
5.2 
1.6 
0.4 
1.8 
0.0 
Hour 1 Hour 2 Hour 3 Hour 4 Hour 5 Hour 6 Hour 7 Hour 8 
Part accumulation parameters (v,, for i= 1,. ,8 and I= 1,. .., 8) 
WC1 6.0 8.0 5.0 5.0 5.0 5.0 10.0 1 .o 
WC2 7.0 5.0 5.0 9.0 3.0 3.0 4.0 6.0 
WC3 1 .o 4.0 5.0 4.0 6.0 5.0 7.0 1.0 
WC4 1 .o 9.0 9.0 9.0 5.0 6.0 5.0 9.0 
WC5 3.0 9.0 2.0 4.0 2.0 5.0 1 .o 3.0 
WC6 6.0 7.0 6.0 8.0 2.0 9.0 6.0 1 .o 
WC7 6.0 7.0 6.0 4.0 3.0 7.0 5.0 1.0 
WC8 10.0 3.0 1 .o 9.0 2.0 10.0 6.0 4.0 
WC1 WC2 WC3 WC4 WC5 WC6 WC7 Wc8 
Material flow routing probabilities tpij for i, j= 1,. . . ,8) 
WC1 0.000 0.108 0.241 0.218 0.029 0.118 0.107 0.179 
WC2 0.078 0.000 0.101 0.042 0.202 0.164 0.225 0.187 
WC3 0.121 0.144 0.000 0.151 0.186 0.065 0.177 0.155 
WC4 0.060 0.061 0.068 0.000 0.056 0.127 0.237 0.392 
WC5 0.255 0.092 0.151 0.098 0.000 0.046 0.142 0.217 
WC6 0.100 0.366 0.049 0.048 0.199 0.000 0.198 0.040 
WC7 0.111 0.086 0.115 0.221 0.002 0.276 0.000 0.189 
WC8 0.235 0.212 0.048 0.090 0.266 0.123 0.027 0.000 
Note: Lot= location; WC= workcenter 
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Table 4. Parameter values for test problem 4 
Lot 1 Lot 2 Lot 3 Lot 4 Lot 5 Lot 6 Lot 7 
Travel times between facility locations (t,, in minutes for x, y= 1,. ,8) 
Lot 1 0.0 1.1 2.8 2.5 2.8 2.8 0.2 
Lot 2 1.1 0.0 1.4 3.5 4.5 4.2 1.2 
Lot 3 2.8 1.4 0.0 4.8 8.0 6.8 3.0 
Lot 4 2.5 3.5 4.8 0.0 6.2 5.4 2.9 
Lot 5 2.8 4.5 8.0 6.2 0.0 2.1 2.9 
Lot 6 2.8 4.2 6.8 5.4 2.1 0.0 2.9 
Lot 7 0.2 1.2 3.0 2.9 2.9 2.9 0.0 
Lot 8 3.7 2.5 1.7 3.9 8.5 7.4 3.9 
WC1 WC2 WC3 WC4 WC5 WC6 WC7 
Material flow matrix values fm,, in average number of unit loads per shift for i, j= 1,. .,8) 
WC1 0.0 1.1 1.1 0.1 1.1 2.0 0.2 
WC2 1.8 0.0 3.4 1 .o 1.2 1.4 2.1 
WC3 0.8 1.2 0.0 1.4 1.2 1.6 0.2 
WC4 1.1 1.1 1.2 0.0 0.8 0.0 0.6 
WC5 3.2 0.7 1.3 0.8 0.0 0.4 1.2 
WC6 2.1 2.9 0.2 0.7 3.3 0.0 0.5 
WC7 2.0 1.1 0.9 2.4 1.6 0.5 0.0 
WC8 0.2 1.8 0.3 2.0 1.2 0.9 0.4 
Hour 1 Hour 2 Hour 3 Hour 4 Hour 5 Hour 6 Hour 7 
Lot 8 
3.7 
2.5 
1.7 
3.9 
8.5 
7.4 
3.9 
0.0 
WC8 
2.1 
1 .o 
0.1 
1.1 
1.4 
0.1 
0.3 
0.0 
Hour 8 
Part accumulation parameters (v,, for i= 1,. . ., 8 and t= 1,. ,8) 
WC1 1 .o 3.0 3.0 5.0 4.0 
WC2 8.0 1 .o 6.0 8.0 3.0 
WC3 7.0 6.0 1 .o 1 .o 2.0 
WC4 2.0 4.0 6.0 2.0 3.0 
WC5 9.0 4.0 2.0 9.0 1 .o 
WC6 1 .o 8.0 4.0 3.0 4.0 
WC7 9.0 6.0 6.0 1 .o 2.0 
WC8 3.0 2.0 8.0 5.0 1 .o 
2.0 7.0 6.0 
8.0 10.0 3.0 
5.0 1 .o 3.0 
2.0 4.0 1 .o 
1 .o 5.0 5.0 
8.0 10.0 1.0 
7.0 3.0 1 .o 
2.0 1 .o 5.0 
WC1 WC2 WC3 WC4 WC5 WC6 WC7 WC8 
Material flow routing probabilities (pi, for i, j= 1,. ,8) 
WC1 0.000 0.140 0.146 0.007 
WC2 0.150 0.000 0.288 0.085 
WC3 0.126 0.179 0.000 0.212 
WC4 0.188 0.182 0.197 0.000 
WC5 0.351 0.080 0.143 0.090 
WC6 0.214 0.295 0.018 0.067 
WC7 0.225 0.127 0.107 0.269 
WC8 0.036 0.273 0.046 0.292 
0.147 0.264 0.020 0.275 
0.104 0.116 0.177 0.081 
0.184 0.241 0.038 0.020 
0.136 0.005 0.108 0.183 
0.000 0.044 0.137 0.155 
0.338 0.000 0.055 0.014 
0.180 0.052 0.000 0.040 
0.173 0.128 0.052 0.000 
Note: Lot= location; WC=workcenter. 
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Table 5. Parameter values for test problem 5 
Lot 1 Lot 2 Loc3 Lot 4 Lot 5 Lot 6 Lot 7 Lot 6 
Travel times between facility locations (t,, in minutes for x, y= 1,. . . ,6) 
Lot 1 0.0 12.5 10.2 5.3 10.6 5.7 0.7 9.4 
Lot 2 12.5 0.0 1.7 6.0 2.7 5.6 8.1 2.6 
Lot 3 10.2 1.7 0.0 5.3 3.4 3.3 7.3 2.0 
Lot 4 5.3 6.0 5.3 0.0 7.1 1.5 3.9 3.8 
Lot 5 10.6 2.7 3.4 7.1 0.0 6.6 7.3 4.4 
Lot 6 5.7 5.6 3.3 1.5 6.6 0.0 4.0 3.2 
Lot 7 0.7 8.1 7.3 3.9 7.3 4.0 0.0 6.3 
Lot 8 9.4 2.6 2.0 3.8 4.4 3.2 6.3 0.0 
WC1 WC2 WC3 WC4 WC5 WC6 WC7 
Material flow matrix values (m, in average number of unit loads per shift for i, j= 1,. . ,8) 
WC1 0.0 1.3 1 .o 0.4 2.0 1.6 2.2 
WC2 1.1 0.0 0.5 1.4 1.7 0.6 1.6 
WC3 0.7 0.7 0.0 2.3 0.7 1.5 2.8 
WC4 1.7 0.6 1.0 0.0 1.3 0.3 0.9 
WC5 1.4 5.1 0.7 0.7 0.0 0.1 2.8 
WC6 1.4 1.1 1.5 2.8 0.0 0.0 0.4 
WC7 2.0 1.8 0.4 0.7 2.2 1 .o 0.0 
WC8 0.8 0.1 3.0 2.0 0.4 0.6 0.5 
Hour 1 Hour 2 Hour 3 Hour 4 Hour 5 Hour 6 Hour 7 
WC8 
1.9 
1.4 
4.6 
1.4 
0.6 
2.4 
3.1 
0.0 
Hour 8 
Part accumulation parameter (vir for i= 1, . . .,9, and t= 1,. . .,8) 
WC1 7.0 5.0 5.0 9.0 3.0 3.0 
WC2 1.0 4.0 5.0 4.0 6.0 5.0 
WC3 1 .o 9.0 9.0 9.0 5.0 6.0 
WC4 3.0 9.0 2.0 4.0 2.0 5.0 
WC5 6.0 7.0 6.0 6.0 2.0 9.0 
WC6 6.0 7.0 6.0 4.0 3.0 7.0 
WC7 10.0 3.0 1 .o 9.0 2.0 10.0 
WC8 3.0 1 .o 8.0 2.0 7.0 3.0 
4.0 6.0 
7.0 1 .o 
5.0 9.0 
1 .o 3.0 
6.0 1.0 
5.0 1.0 
6.0 4.0 
4.0 1.0 
WC1 WC2 WC3 WC4 WC5 WC6 WC7 WC8 
Material flow routing probabilities (pjj for i, j= 1,. . ,8) 
WC1 0.000 0.127 0.096 0.040 
WC2 0.133 0.000 0.056 0.167 
WC3 0.053 0.054 0.000 0.177 
WC4 0.232 0.083 0.137 0.000 
WC5 0.125 0.455 0.061 0.059 
WC6 0.147 0.114 0.152 0.292 
WC7 0.175 0.158 0.036 0.067 
WC8 0.109 0.011 0.409 0.276 
0.191 0.155 0.213 0.177 
0.206 0.072 0.195 0.171 
0.050 0.112 0.209 0.346 
0.180 0.042 0.129 0.197 
0.000 0.005 0.246 0.049 
0.002 0.000 0.044 0.249 
0.198 0.091 0.000 0.276 
0.054 0.082 0.063 0.000 
Note: Lot= location; WC= workcenter 
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Table 6. Parameter values for test problem 6 
Lot 1 Lot 2 Lot 3 Lot 4 Lot 5 Lot 6 
Travel times between facility locations (t,, in minutes for x, y= 1,. ,8) 
Lot 1 0.0 4.2 4.3 3.1 0.6 0.8 
Lot 2 4.2 0.0 1.1 2.5 4.6 4.7 
Lot 3 4.3 1.1 0.0 2.9 4.6 4.7 
Lot 4 3.1 2.5 2.9 0.0 2.6 2.7 
Lot 5 0.6 4.6 4.6 2.6 0.0 0.2 
Lot 6 0.8 4.7 4.7 2.7 0.2 0.0 
Lot 7 4.6 2.6 1.7 3.1 5.0 5.0 
Lot 8 5.1 10.5 9.0 5.2 4.2 3.8 
Lot 7 Lot 8 
4.6 5.1 
2.6 10.5 
1.7 9.0 
3.1 5.2 
5.0 4.2 
5.0 3.8 
0.0 12.1 
12.1 0.0 
WC1 WC2 WC3 WC4 WC5 WC6 WC7 WC8 
Material flow matrix values (m, in average number of unit loads per shift for i. j= 1,. . ,8) 
WC1 0.0 3.2 0.9 1.1 1.3 1.9 0.9 
WC2 1.0 0.0 1.2 1 .o 1.3 0.2 0.1 
WC3 1.3 1.4 0.0 1 .o 0.0 0.8 1.3 
WC4 0.5 1 .o 0.6 0.0 0.3 0.9 1.1 
WC5 4.0 0.2 0.9 4.6 0.0 0.7 0.2 
WC6 1 .o 0.9 2.2 1.5 0.4 0.0 0.3 
WC7 1.7 0.3 1.9 1.1 0.8 0.3 0.0 
WC8 3.2 1.2 2.0 0.5 2.5 0.0 3.6 
2.7 
1.4 
0.4 
2.6 
0.6 
2.7 
0.6 
0.0 
Hour 1 Hour 2 Hour 3 Hour 4 Hour 5 Hour 6 Hour 7 Hour 8 
Part accumulation parameters (v;r for i=l,..., 8and t=l,..., 8) 
WC1 1 .o 6.0 8.0 3.0 8.0 
WC2 6.0 1.0 1 .o 2.0 5.0 
WC3 4.0 6.0 2.0 3.0 2.0 
WC4 4.0 2.0 9.0 1 .o 1.0 
WC5 8.0 4.0 3.0 4.0 8.0 
WC6 6.0 6.0 1 .o 2.0 7.0 
WC7 2.0 8.0 5.0 1 .o 2.0 
WC8 3.0 9.0 8.0 6.0 8.0 
10.0 3.0 9.0 
1 .o 3.0 6.0 
4.0 1 .o 3.0 
5.0 5.0 1 .o 
10.0 1 .o 7.0 
3.0 1 .o 10.0 
1 .o 5.0 3.0 
5.0 8.0 5.0 
WC1 WC2 WC3 WC4 
Material flow routing probabilities (pii for i. j= 1,. . . ,8) 
WC1 0.000 0.263 6.078 0.094 0.106 0.161 0.074 0.224 
WC2 0.158 0.000 0.187 0.163 0.213 0.034 0.018 0.229 
WC3 0.212 0.229 0.000 0.158 0.006 0.126 0.213 0.057 
WC4 0.078 0.140 0.088 0.000 0.043 0.133 0.151 0.368 
WC5 0.355 0.022 0.081 0.407 0.000 0.066 0.016 0.053 
WC6 0.115 0.097 0.244 0.163 0.047 0.000 0.036 0.298 
WC7 0.256 0.043 0.274 0.163 0.120 0.049 0.000 0.094 
WC8 0.247 0.095 0.150 0.039 0.191 0.000 0.277 0.000 
WC5 WC6 WC7 WC8 
Note: Lot= location; WC= workcenter 
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Table 7. Summary of layout alternatives with the lowest materials handling volume distance for the six test problems 
WC1 WC2 WC3 WC4 WC5 WC6 WC7 WC8 Volume distance* 
Volume distance-efficient layouts for test problem 1 
Layout 1 8 4 6 5 
Layout 2 8 4 6 1 
Layout 3 8 4 6 1 
Layout 4 8 6 4 3 
Layout 5 8 3 6 4 
Layout 6 1 6 4 3 
Layout 7 3 4 6 5 
Layout 8 8 4 2 1 
Layout 9 8 4 6 2 
Layout 10 5 3 6 7 
3 2 1 7 400.65 
3 5 2 7 404.01 
3 2 5 7 404.46 
1 7 2 5 404.54 
1 2 7 5 405.05 
8 7 2 5 405.05 
8 2 1 7 405.57 
3 6 5 7 405.74 
3 5 1 7 405.89 
1 8 4 2 405.91 
Global optimal volume distance layouts for test problems 26 
Test Problem 2 2 3 5 8 1 6 7 4 
Test Problem 3 2 6 3 1 4 5 8 7 
Test Problem 4 5 2 6 7 8 4 1 3 
Test Problem 5 5 6 3 1 4 7 2 8 
Test Problem 6 8 6 3 4 5 1 7 2 
Note: WC= workcenter. 
*Materials handling volume distance is measured in vehicle minutes to execute the handling workload. 
178.52 
367.40 
205.78 
328.56 
239.93 
Table 8. Expected part delay for incumbent optimal solutions on generations (Gen) 15 
for test problem 1 with fM= 10, X=5, and r= 50) 
Layout Gen 1 Gen 2 Gen 3 Gen 4 Gen 5 Final 
1 4,329 4,286 4,159 4,159 3,969 3,851 
2 4,211 4,136 4,092 3,911 3,894 3,835 
3 4,222 4,109 4,076 4,934 3,835 3,655 
4 4,254 4,060 4,007 3,853 3,853 3,822 
5 4,234 4,161 4,091 3,913 3,889 3,838 
6 4,284 4,279 3,955 3,845 3,845 3,838 
7 4,301 4,290 4,284 4,036 3,986 3,852 
8 4,179 4,024 4,024 4,018 3,870 3,824 
9 4,266 4,190 4,015 3,968 3,968 3,892 
10 4,249 4,168 4,117 4,111 3,867 3,631 
Table 9. Expected part delays associated with 100 randomly generated schedules and results 
for (M= 50, X= 1, and r= 50) for test problem 1 
Layout Min. 
Optimal schedule for 
Results for random schedules (M=lO, x=5, I-=50) 
Max. Avg. Std. dev. Gen. 1 Final 
Test problem 1 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
9,028 19,885 12,776 1,857 4,142 4,123 
9,667 18,303 12,685 1,617 4,025 3,984 
9,737 16,190 12,552 1,601 4,097 3,927 
9,942 19,764 13,269 1,965 3,735 3,701 
8,121 19,505 12,816 1,868 4,082 3,919 
9,780 21,451 12,842 1,900 4,111 3,959 
9,776 20,810 13.054 1,967 4,006 3,832 
9,945 19,577 12,873 1,832 4,067 4,015 
9,764 19,034 12,725 1,791 3,836 3,798 
8,948 14,785 11,611 1,197 4,108 3,940 
Results for random schedules Optimal schedule for 
Layout Min. Max. Avg Std. Dev. (M=lO, X=5, and r=50) 
Test Problem 2 9,524 15,267 13,218 812 4,418 
Test Problem 3 20,337 34,385 28,890 3,913 10,201 
Test Problem 4 11,951 15,121 13,729 940 4,873 
Test Problem 5 20,311 30,345 26,532 3.013 11,270 
Test Problem 6 15,466 26,113 22,895 2,465 7,949 
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Table 10. Simulation results for test problems 26 
Layout 
Simulation results: 1000 random seeds 
Min. Max. Avg. Std. Dev. 
Optimal schedule for 
fM=lO. x=5,r=501 
50% maximum variation in part accumulation parameters (vi! for i= 1,...,8 and t=1,...,8) 
Test Problem 2 4,307 4,775 4,562 96 4,418 
Test Problem 3 10,145 10,692 10,457 115 10,201 
Test Problem 4 6,865 7,078 6,964 47 6,873 
Test Problem 5 11,138 11,535 11,368 79 11,270 
Test Problem 6 7,929 8,165 8,052 54 7,949 
100% maximum variation in part accumulation parameters (v,r for i= 1,...,8 and t=1,...,8) 
Test Problem 2 4,025 5,032 4,577 202 4,418 
Test Problem 3 9,818 10,953 10,466 239 10,201 
Test Problem 4 6,747 7,217 6,958 100 6,873 
Test Problem 5 10,897 11,761 11,372 166 11,270 
Test Problem 6 7,761 8,296 8,049 114 7,949 
viding an efficient means of developing high-quality vehi- 
cle schedules with relatively few reevaluations of expected 
part delay. Based on the computational difficulty associ- 
ated with the evaluation of expected part delays for alter- 
native schedules and on the fact that practical problems 
involve an extensive solution space, rapid convergence 
is an essential attribute for any solution procedure. 
Therefore investigation of the effectiveness of analogous 
procedures for larger, multiple-vehicle problems appears 
to be a fruitful area for future research. 
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